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ABSTRACT 

An e x t e n s i o n  o f  t h e  e q u a t i o n s  of  motion of a f o u r -  
wheel  v e h i c l e  i n t o  t h e  areas of e l ec t r i c  motor p r o p u l s i o n  and 
s o i l  c h a r a c t e r i s t i c s  i s  p r e s e n t e d .  The pr imary  m o t i v a t i o n  o f  
t h i s  s t u d y  w a s  t o  ex tend  t h e  dynamic s t a b i l i t y  c a p a b i l i t y  of  
t h e  d i g i t a l  program ROVER for  t h e  Lunar Roving Veh ic l e  i n t o  
t h e  area of  v e h i c l e  performance.  

of  t h e  Lunar Roving Veh ic l e  w e r e  o b t a i n e d  f o r  t h e  v e h i c l e  
t r a v e r s i n g  a s i m u l a t e d  l u n a r  s o i l  a t  f u l l  t h r o t t l e  a l o n g  a 
s t r a i g h t  c o u r s e .  Four t e r r a i n  roughness  w e r e  cons ide red :  
an  upper  r ange  rough mare, a middle  range  rough mare, a middle  
r ange  smooth mare, and a p e r f e c t l y  smooth t e r r a i n .  For  each  
s o i l  roughness  two computer runs  w e r e  made: o n e  based  on 
o p t i m i s t i c  s o i l ,  wheel and motor c h a r a c t e r i s t i c s  and t h e  
o t h e r  based  on p e s s i m i s t i c  c h a r a c t e r i s t i c s .  The o p t i m i s t i c  
c h a r a c t e r i s t i c s  appea r  t o  be t h e  b e t t e r  d a t a  based  on f i n d i n g s  
of t h e  Apo l lo  1 5  mis s ion .  

Speed,  power consumption, and l o a d s  c h a r a c t e r i s t i c s  
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INTRODUCTION 

The e q u a t i o n s  of motion p l u s  t h e  d i g i t a l  program 
ROVER of  a four-wheel  v e h i c l e  w a s  p r e s e n t e d  i n  References  1 
and 2 .  Th i s  v e h i c l e  h a s  independent  suspens ion  and may be  
powered by i n d i v i d u a l  wheel  e l ec t r i c  motors  as it traverses 
a d e t e r m i n i s t i c  t e r r a i n  d e f i n e d  by s l o p e s ,  bumps, craters ,  
and/or  a random t e r r a i n .  The p r imary  m o t i v a t i o n  o f  ROVER 
w a s  t o  ascer ta in  t h e  dynamic s t a b i l i t y  o f  t h e  Lunar Roving 
V e h i c l e  (LRV) w i t h  some emphasis (Reference  2 )  on performance 
o f  t h e  LRV. The c u r r e n t  r e p o r t  i s  e s s e n t i a l l y  an  upda te  of 
ROVER, mainly i n  t h e  area o f  performance.  Most of t h e  
emphasis  of  t h i s  r e p o r t  i s  p l aced  on t h e  i n c o r p o r a t i o n  of 
t h e  e l e c t r i c  motor and l u n a r  s o i l  character is t ics  i n t o  t h e  
e q u a t i o n s  of  motion. O the r  minor a d d i t i o n s  and improvements 
have been made i n  a r e a s  such  as c o r n e r i n g  f o r c e s ,  washboard 
t e r r a i n ,  and suspens ion  c h a r a c t e r i s t i c s .  A l l  of t h e  add i -  
t i o n s  t o  ROVER a l o n g  w i t h  t h e  e x i s t i n g  i n p u t  are g iven  i n  
t h e  Appendix o f  t h i s  r e p o r t .  
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Motor C h a r a c t e r i s t i c s  

T h e  series motor m o d e l  of R e f e r e n c e  1 h a s  been 
modified as fol lows : 

1 VOLT - ( i )  ( R F I X  + REV) = F ( w )  

C O N M E G ( w ) i a  

= F ( i )  'h 
CMOT DCON ( i )  

J Td = Th - T F R  

where 

VOLT = b a t t e r y  vol tage 

i = quasi-s ta t ic  cu r ren t  

a = CMOT - 1 

R F I X  = f i x e d  resistance 

REV = var iab le  res is tance 

w = a n g u l a r  wheel  ve loc i ty  

CONMEG, DCON, CMOT = c o n s t a n t s  

Th = m o t o r  to rque  de l ive red  t o  w h e e l  p l u s  motor- 
t r ansmiss ion  10s se s 

T F R  = f r i c t i o n a l  torque  ( m o t o r - t r a n s m i s s i o n  l o s s e s )  

IPP-1  
F ( w )  = b j w  j 

j = O  
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I P P - 1  
j C cjw 

F ( i )  = 

j = O  

CbP = minimum v a l u e  o f  W ,  and 

Td = t o r q u e  d e l i v e r e d  by motor.  

To keep F ( i )  from becoming m u l t i v a l u e d ,  Equa t ion  (1) 
i s  appl icable  f o r  w 
r e l a t i o n a h i p  f o r  w < CqP). I n  ROVER, COP i s  g iven  f o r  t h e  f u l l  
t h r o t t l e  c o n d i t i o n  (REV = 0 )  and,  t h e r e f o r e ,  Equat ion  (1) i s  
o n l y  an  approximat ion  f o r  o t h e r  t h a n  a f u l l  t h r o t t l e  c o n d i t i o n .  
Th i s  g e n e r a l l y  imposes no  real  h a r d s h i p  f o r  t h e  LRV as COP i s  
less  t h a n  3.50 r a d i a n s  p e r  second ( less t h a n  5 km/hr forward  
s p e e d ) ,  below normal o p e r a t i n g  s p e e d s .  

COP ( see  F i g u r e  1 for t h e  current-omega 

I f  a wheel becomes a i r b o r n e ,  t h e  a n g u l a r  v e l o c i t y  a t  
t i m e  s t e p  k i s  estimated from t h e  t o r q u e  a t  t h e  p r e v i o u s  t i m e  
s t e p  (k-1) as f o l l o w s :  

/TIN Wk - - w k - l  + ( * k l T a  (k-1)  

where A k  i s  t h e  t i m e  i n t e r v a l ,  Ta i s  u s e a b l e  t o r q u e  ( t o  be  

s u b s e q u e n t l y  e x p l a i n e d ,  Equat ion  6), and T I N  i s  t h e  m a s s  moment 
o f  i n e r t i a  of  t h e  r o t a t i n g  p a r t s .  

S o i l  C h a r a c t e r i s t i c s  

The s o i l  c h a r a c t e r i s t i c s  are o b t a i n e d  s i m u l t a n e o u s l y  
w i t h  t h e  motor c h a r a c t e r i s t i c s .  From t h e  u s e a b l e  motor t o r q u e  
a t  t h e  p r e v i o u s  t i m e  s t e p  a t o r q u e  number TNb i s  c a l c u l a t e d  
as f o l l o w s :  

x c /RE x P a (k -1 )  TN$ = T 
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where 

RE = t o r q u e  r a d i u s  = wheel r a d i u s  - 1 / 2  t i r e  d e f o r m a t i o n ,  

P = s u s p e n s i o n  f o r c e  noraml t o  ground,  and 

c = r a t i o  o f  s p r i n g  m a s s  t o  t o t a l  m a s s .  

A s l i p  number i s  computed as a polynomial  of o r d e r  NP-1 o f  t h e  
t o r q u e  number as f o l l o w s :  

N P - 1  

SN@I = d . ( T N $ ) J  . 
3 

j = O  

From t h e  forward  v e l o c i t y  of  a wheel  (AV1)w i s  computed as 
f o l l o w s  

where R@I = r o l l  r a d i u s .  Next t h e  c u r r e n t  and t o r q u e  are 
o b t a i n e d  from Equat ion  (1). The power loss due t o  c o r n e r i n g  
and damping are n e x t  o b t a i n e d  and d i v i d e d  by o t o  o b t a i n  an  
e q u i v a l e n t  t o r q u e  loss T L .  
as f o l l o w s :  

The u s e a b l e  t o r q u e  Ta i s  n e x t  

Ta = Td - TR. . ( 6  1 

The t o r q u e  number can now b e  updated  (Equat ion  3 )  and 
a p u l l  number ( P N $ )  computed as a polynomia l  o f  t h e  t o r q u e  
number, o r  
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The p r o p u l s i o n  f o r c e  (F )  f o r  one o f  t h e  wheels  i s  f i n a l l y  
o b t a i n e d  as 

F = PN$ x P 

Sample Problems 

Speed, power consumption, and l o a d  c h a r a c t e r i s t i c s  
o f  t h e  LRV w e r e  o b t a i n e d  f o r  t h e  v e h i c l e  t r a v e r s i n g  a s i m u l a t e d  
l u n a r  s o i l  a t  f u l l  t h r o t t l e  on a s t r a i g h t  c o u r s e .  Four t e r r a i n  
roughness  were c o n s i d e r e d :  a p e r f e c t l y  smooth l u r a i n ,  a middle  
range  smooth mare, a middle range rough mare,  and a n  upper  
r ange  rough mare. Two r u n s  w e r e  made f o r  each  roughness .  One 
run  w a s  based  on o p t i m i s t i c  motor and s o i l  c h a r a c t e r i s t i c s  and 
a computed r o l l  r a d i u s  e q u a l  t o  t h e  undeformed wheel minus 
i n s t a n t a n e o u s  t i r e  deformat ion .  The second run  w a s  based  on 
p e s s i m i s t i c  motor and s o i l  c h a r a c t e r i s t i c s  and a r o l l  r a d i u s  
e q u a l  t o  13.57 i n c h e s .  The o p t i m i s t i c  s o i l  d a t a  ( l u n a r  s o i l  
s i m u l a n t  LSS4) w a s  o b t a i n e d  from t h e  s p r e a d  of  d a t a  from 

F i g u r e  1 6  of Reference 3 (add 0 . 1  t o  t h e  t o r q u e  c o e f f i c i e n t s  
o f  F i g u r e  1 6 ) .  The p e s s i m i s t i c  s o i l  d a t a  w a s  based  on a 
consensus  of  WES ( U .  S .  Army Engineer  Waterway Exper imenta l  
S t a t i o n )  and MSFC. The o p t i m i s t i c  motor c h a r a c t e r i s t i c s  w e r e  
o b t a i n e d  from Boeing-Huntsv i l le  and t h e  p e s s i m i s t i c  d a t a  
o b t a i n e d  from MSFC. The o p t i m i s t i c  r o l l  r a d i u s  w a s  programmed 
by t h e  a u t h o r  and t h e  p e s s i m i s t i c  one based  on a consensus  
o f  WES and MSFC. The l u r a i n  PSD are smoothed d a t a  g e n e r a t e d  
by D r .  R .  P i k e  of  USGS ( F i g u r e s  5 - 8 o f  Reference 4 ) .  Most 
of  t h e  remain ing  d a t a  w a s  o b t a i n e d  from Boeing-Huntsv i l le .  

The i n p u t  f o r  t h e  o p t i m i s t i c  r u n s  are g iven  i n  
F i g u r e s  2 - 5;  t h e  i n p u t  f o r  t h e  p e s s i m i s t i c  r u n s  are g i v e n  
i n  F i g u r e s  6 - 9 .  The mechanical  u n i t s  are i n  pounds,  i n c h e s ,  
s econds :  t h e  e lec t r ica l  u n i t s  a r e  v o l t s ,  amperes ,  ohms. 
The r e s u l t s  of  t h e  o p t i m i s t i c  and p e s s i m i s t i c  r u n s  are sum- 
marized  i n  Tables  I and 11, r e s p e c t i v e l y .  Based on f i n d i n g s  
o f  t h e  Apol lo  15 mis s ion  ( 1 2  - 1 3  km/hr maximum speed  on l e v e l  
l u r a i n  and a consumption r a t e  of 65 - 70 w a t t - h r  p e r  k i l o m e t e r  
t r a v e l e d ) ,  t h e  o p t i m i s t i c  c h a r a c t e r i s t i c s  appea r  t o  be t h e  
b e t t e r  d a t a .  

2031-SK-jf S.  Kaufman 
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FIGURE 1 - C U R R E N T  VERSUS WHEEL SPEED CHARACTERISTICS 
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APPENDIX A 

I N P U T  TO ROVER 

The c u r r e n t  i n p u t  t o  ROVER i s  i n  NAMELIST format  
( S N A M I )  f o r  t h e  UNIVAC 1 1 0 8 ,  EXEC 8. A l l  r e f e r e n c e s  and 
f i g u r e s  r e f e r  t o  Reference  2 u n l e s s  s ta ted o t h e r w i s e .  

Genera l  I n p u t  

NDATA = 1 i m p l i e s  an o u t p u t  save  d e v i c e  w i t h  t h e  f o l l o w i n g  
b i n a r y  r e c o r d s ,  one f o r  each o f  t h e  N I N T  i n t e g r a t i o n  
i n t e r v a l s  ( N I N T  r e c o r d s  f o r  normal t e r m i n a t i o n ) .  

where TIM i s  t h e  t i m e ,  X are t h e  i n e r t i a  c o o r d i n a t e s  
o f  t h e  v e h i c l e  o r i g i n ,  B i s  t h e  d i r e c t i o n  c o s i n e  
m a t r i x ,  U are t h e  s i x  v e h i c l e  v e l o c i t i e s  (u  v w ,  
w w w i n  body c o o r d i n a t e s ,  VDOT are t h e  s i x  

v e h i c l e  a c c e l e r a t i o n s  (u v w + x E, ox wY uz). 

The f i r s t  t h r e e  r o w s  of  H I N U  are t h e  i n e r t i a  
c o o r d i n a t e s  of t h e  fou r  wheel hubs and t h e  l a s t  
row are t h e  t e r r a i n  e l e v a t i o n s  d i r e c t l y  below t h e  
wheel hubs.  P N G  are t h e  x , y , z  body s u s p e n s i o n  f o r c e s  
of t h e  f o u r  whee l s .  

X Y Z  . . .  . . .  

TMEAN = t i m e  a f t e r  which t h e  f o l l o w i n g  i t e m s  are t o  be 
computed: 
maximum wheel  loads,  and maximum a c c e l e r a t i o n .  

f r a c t i o n  of t i m e  a wheel i s  o f f  t h e  ground,  

X = s i n g l e  a r r a y  of  o r d e r  3 o r  t h e  i n e r t i a  X,Y,Z 
c o o r d i n a t e s  of t h e  o r i g i n  of  t h e  v e h i c l e .  

Z = double  a r r a y  o f  o r d e r  3x4 c o n t a i n i n g  t h e  body 
x , y , z  c o o r d i n a t e s  of t h e  wheel hubs 
suspens ion  f u l l y  ex tended)  . (wheel and 

RW = wheel r a d i u s .  

PHI = i n i t i a l  4 a n g l e  i n  deg rees  ( F i g u r e  1) .  

THETA = i n i t i a l  e a n g l e  i n  deg rees  ( F i g u r e  1). 
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PSI = i n i t i a l  q angle  i n  deg rees  ( F i g u r e  1) .  

U = s i n g l e  a r r a y  of o r d e r  6 c o n t a i n i n g  i n i t i a l  rates 
{ u v w w  w x y + 

N I N T  = number of  t i m e  i n t e r v a l s  (DELTIM) f o r  i n t e g r a t i o n .  

DELTIM = t i m e  span  of one t i m e  i n t e r v a l  (maximum). 

IPRT = p r i n t i n g  i n t e g e r  ( p r i n t  e v e r y  I P R T  t i m e  i n t e r v a l ) .  

NDOT = number of l o c a t i o n s  f o r  a d d i t i o n a l  a c c e l e r a t i o n  
o u t p u t  ( n o t  t o  exceed 2 0 ) .  

R = doub le  a r r a y  ( 3 )  (NDOT) o f  body x , y , z  c o o r d i n a t e s .  

GM = moon's a c c e l e r a t i o n  of g r a v i t y .  

Weight D a t a  

CM = c o n s t a n t  t o  d i v i d e  a l l  we igh t  d a t a  (mass conve r s ion  
c o n s t a n t )  CM = 0 i m p l i e s  CM = 1. 

WM = weigh t  o f  one unsprung wheel m a s s ;  i n  what f o l l o w s  
do n o t  i n c l u d e  t h e  unsprung wheel we igh t .  

NMASS = 0 i m p l i e s  z e r o ,  f i r s t ,  and second we igh t  moments 
w i l l  be s u p p l i e d .  

Y ( 1 )  = m ( t o t a l  sp rung  weight  r a t h e r  t h a n  sp rung  m a s s ) .  

Y ( 2 )  = Ixx. 

Y ( 4 )  = Izz. 

Y ( 3 )  = I 
YY'  

Y ( 5 )  = Hx. 

Y ( 6 )  = H . 
Y ( 7 )  = H Z .  

Y ( 8 )  = I . 
XY 

Y 

Y ( 9 )  = Ixz. 

Y(10) = I 
YZ' 
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NMASS = 1 i m p l i e s  d e t a i l  weight  breakdown. 

N I T  = number of masses, not  t o  exceed 30 .  

A ( j , a )  = double  a r r a y  o f  o r d e r  ( N I T )  ( 7 )  o f  weight  d a t a .  

a = 1, weight .  

~1 = 2 ,  x c o o r d i n a t e .  

a = 3,  y c o o r d i n a t e .  

a = 4 ,  z c o o r d i n a t e .  

a = 5 ,  l o c a l  x moment of i n e r t i a  (about  own c g ) .  

a = 6 ,  l o c a l  y moment of i n e r t i a .  

a = 7 ,  l o c a l  z moment of i n e r t i a  DIMENSION A ( 3 0 , 7 ) .  

E l e v a t i o n  Data 

NXY = 0 ,  i m p l i e s  CX$ = 0 .  

NXY = 1, i m p l i e s  CX$ may have a non-zero va lue .  

CXA = X ,  l o c a t i o n .  

CXI$.= s l o p e  parameter .  

A +  = X-slope. 

B+ = Y-slope. 

G$ = c o n s t a n t  ampli tude.  

X$ = o r i g i n  f o r  d e f i n i t i o n  of  X-slope. 

Y $  = o r i g i n  for d e f i n i t i o n  o f  Y-slope. 

NG = number of a-bumps/craters.  

XAL (€3 ,a) = double  a r r a y  of o r d e r  2 x N G  t o  l o c a t e  a-bumps/crater ,  
6 = 1 i s  X-coordinate (Xa), 
B = 2 i s  Y-coordinate (Ya). 
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NP$L = 1 i m p l i e s  polynomial  o f  o r d e r  NPOL - 1 of  c o r n e r i n g  
f r i c t i o n  c o e f f i c i e n t s  vs. v e l o c i t y  r a t i o  (AV2/AV1) 
w i l l  r e p l a c e  SF f o r  a l l  cases e x c e p t  when AV1 = 0 .  
DIMENSION NPOL ( 6 )  . 

VRAT = a r r a y  o f  o r d e r  NPOL o f  v e l o c i t y  r a t i o s .  

COR = a r r a y  o f  o r d e r  NPOL o f  c o r n e r i n g  c o e f f i c i e n t s .  

VMRAT = maximum v e l o c i t y  r a t i o .  I f  VMRAT i s  exceeded ,  t h e  
v e l o c i t y  r a t i o  w i l l  be  se t  e q u a l  t o  VMRAT. 

N R $ L ( f )  = s i n g l e  a r r a y  of o r d e r  4. 
0 i m p l i e s  no r o l l i n g  f r i c t i o n  f o r  wheel  f .  
1 i m p l i e s  r o l l i n g  f r i c t i o n  f o r  wheel  f .  
I f  NSTER = 1, NROL(f) i s  automated 
i n t o  t h e  a p p l i c a b l e  a l g o r i t h m .  I f  NBRAK(f) = 1 
t h e n  NR@L(f) i s  assumed ze ro .  

R F  = c o e f f i c i e n t  o f  r o l l i n g  f r i c t i o n .  
RF = 0 i m p l i e s  no  r o l l i n g  f r i c t i o n .  

VR+L = minimum v e l o c i t y  f o r  f u l l  r o l l i n g  f r i c t i o n .  
If  A V 1  < VROL, then  r f ( e q u i v a 1 e n t )  = RF x AVl/VROL. 

NBRAK(f) = s i n g l e  a r r a y  of  o r d e r  4. 
0 i m p l i e s  no b rak ing  f o r  wheel f .  
1 i m p l i e s  b r a k i n g  f o r  wheel f .  
If N G U I D  = 1 o r  NSTBR = 1, NBRAK(f) i s  automated 
i n t o  t h e  a p p l i c a b l e  a l g o r i t h m .  

BF = c o e f f i c i e n t  of  b rak ing  f r i c t i o n ,  z e r o  i m p l i e s  
b r a k i n g  i s  i n o p e r a t i v e .  

VBRAK = minimum v e l o c i t y  f o r  f u l l  b r a k i n g  f r i c t i o n .  
I f  AV1 < VBRAK, then  b f ( e q u i v a 1 e n t )  = BF x AVl/VBRAK. 

C$NS ( f )  = s i n g l e  a r r a y  of  o r d e r  4. Zero i m p l i e s  b r a k i n g  
i s  i n o p e r a t i v e  f o r  wheel f .  The b r a k i n g  f o r c e  
i s  a minimum o f  CONS ( f )  and BF PNF ( 3 , f )  where 
PNF ( 3 ,  f )  i s  t h e  normal ground force ( a l o n g  3). 

NT+RQ(f) = s i n g l e  a r r a y  of o r d e r  4. 
0 i m p l i e s  no engine  t o r q u e  f o r  wheel  f .  
1 i m p l i e s  eng ine  to rque  f o r  wheel f .  
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X H A L ( f 3 , a )  = doub le  a r r a y  of o r d e r  2xNG f o r  a-bump/crater 
d i a m e t e r s ,  

ha ' B = l i s X  

~ = 2 i s Y  . ha 

HAL(a) = ampl i tudes  (H 1 .  
c1 

NCF = number of  c e n t e r  f r e q u e n c i e s  f o r  random t e r r a i n ,  
n o t  t o  exceed 100. 

C F R  = s i n g l e  a r r a y  o f  o r d e r  NCF of center  f r e q u e n c i e s  
( c y c l e s  p e r  a m p l i t u d e ) .  

AMC = s i n g l e  a r r a y  of  o r d e r  NCF o f  power a s s o c i a t e d  
w i t h  c e n t e r  f r e q u e n c i e s  ( ampl i tude  s q u a r e d )  . 

WFREQ = X - washboard f requency  i n  c y c l e s  p e r  ampl i tude  
( s i n u s o i d a l )  . 

WASHX = l a g  l e n g t h  a s s o c i a t e d  w i t h  washboard f r equency .  

WAMP = ampl i tude  o f  t h e  washboard f r equency .  

NEL = number of p o i n t s  f o r  p r i n t - o u t  pu rposes  o n l y  o f  
random t e r r a i n  c o n t r i b u t i o n  t o  e l e v a t i o n  (Y = 0 ) .  

XRAN = X - d i s t a n c e  i n t e r v a l  a l o n g  Y = 0 f o r  p r i n t i n g  
o u t  random t e r r a i n  e l e v a t i o n .  The s t a r t i n g  p o i n t  
i s  X = 0 ,  Y = 0 .  

REA = s t a r t i n g  number t o  compute random phases  for 
random t e r r a i n .  I f  z e r o ,  REA w i l l  be i n t e r n a l l y  
computed. 

F r i c t i o n  Force D a t a  

L e t  AV1,  AV2 be  a b s o l u t e  v a l u e  o f  w h e e l  v e l o c i t y  
a l o n g  a and 3, r e s p e c t i v e l y .  

SF = c o e f f i c i e n t  of c o r n e r i n g  f r i c t i o n  ( c o n s t a n t ) .  

VSE = minimum v e l o c i t y  f o r  f u l l  c o r n e r i n g  f r i c t i o n .  
I F  AV2 < VSE then  sf ( e q u i v a l e n t )  = SF x AV2/VSE. 
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TF = c o e f f i c i e n t  of  ground f r i c t i o n  t o r q u e  f o r  wheel  
f .  TF=O i m p l i e s  no e n g i n e  t o r q u e .  
+ U N I T  = - 1 . 0 ,  1 . 0  i m p l i e s  forward  mot ion ,  - 1 . 0  i m p l i e s  
r ea rward  motion,  and 0 i m p l i e s  no e n g i n e  t o r q u e .  
I f  NSERMO = 1, then  NTORQ(f) is  t e n t a t i v e l y  s e t  
e q u a l  t o  1 and t h e  r ema in ing  v e l o c i t y - t o r q u e  da t a  
now d e s c r i b e d  h a s  a d i f f e r e n t  meaning. See 
N S E R M ~  = 1. 

N P  = number o f  p i e c e s  of d a t a  ( n o t  t o  exceed  6 )  from 
which t o  c o n s t r u c t  a t o r q u e - v e l o c i t y  polynomial  
o f  o r d e r  N P - 1 .  

VEL = s i n g l e  a r r a y  of  v e l o c i t i e s  o f  o r d e r  N P .  

T$RQ = s i n g l e  a r ray  of t o rques  o f  o r d e r  N P .  

VMAX = v e l o c i t y  l i m i t  above which t o r q u e  = 0.  

VMIN = v e l o c i t y  l i m i t  below which t o r q u e  e q u a l s  i t s  
polynomial  v a l u e  a t  V M I N .  

Suspens ion  C h a r a c t e r i s t i c s  (see Equa t ion  A13) 

N 5 0  = 0 i m p l i e s  maximum i n p u t  fo rma t ion .  

S L ( a , f )  = s p r i n g  l e n g t h s  f o r  wheel  f { k i f  Q j f  k k f } .  

SIA(cl , f )  = s o f t  s p r i n g  c o n s t a n t s  f o r  wheel f I s i a f  S j a f  skaf}.  

S I B ( a , f )  = h a r d  s p r i n g  c o n s t a n t s  f o r  wheel f I s i b f  S jbf  skbf}.  

DAMP(f) = damping c o n s t a n t  suspens ion  f o r  f DIMENSION S L ( 3 , 4 ) ,  
S I A ( 3 , 4 ) ,  S I B ( 3 , 4 ) ,  C S ( 3 , 4 ) ,  DAMP(4). 

DAMC = power of  v e l o c i t y  dependent  damping f o r c e  f o r  
suspens ion  ( z e r o  i m p l i e s  l i n e a r  damping, DAMC = 1). 

COLUMB = coulomb damping f o r c e  f o r  each  suspens ion .  

VCQUL = minimum v e r t i c a l  v e l o c i t y  t o  a t t a i n  f u l l  c a l c u l a t e d  
damping f o r c e ,  o t h e r w i s e  damping f o r c e  = c a l c u l a t e d  
f o r c e  x I VT3f I /VCOUL. 
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DPER = f r a c t i o n  o f  t i r e - s u s p e n s i o n  v e l o c i t y  ( a l o n g  body z )  
a s s o c i a t e d  w i t h  t h e  t i r e .  (1-DPER) i s  f r a c t i o n  o f  
v e l o c i t y  a s s o c i a t e d  w i t h  suspens ion  damper. 

C$LW = columb damping p e r  t i re .  

CEW = damping c o n s t a n t  f o r  each  t i r e .  

DAMW = t i r e  v e l o c i t y  exponent  f o r  damping f o r c e  computa t ion .  

N50 = 1 i m p l i e s  minimum i n p u t  fo rma t ion .  

S ( f )  = ‘ Ik f .  

S A ( f )  = skaf.  

S B ( f )  = skbf. 

One must a l s o  i n p u t  t h e  fo l lowing :  DAMP(f), DAMG, COLUMB, VCOUL, 
DPER, CbLW, CEW, DAPIW. 

N50 = 1 a l s o  i m p l i e s  t h e  f o l l o w i n g :  
= R = l o a k f  = 1 0 s ( f ) ,  

= S B ( f ) ,  kbf = s  j b f  = s  - ‘l if  j f 
j a f  - ’ibf = s  i a f  S 

DIPENSION S ( 4 ) ,  S A ( 4 ) ,  S B ( 4 ) ,  DAMP ( 4 ) .  

S t e e r i n g  (see F igure  A 2 )  

AF ( f )  = c o n s t a n t  s t e e r i n g  ang le  f o r  wheel f i n  d e g r e e s .  

N l O O  = 1 i m p l i e s  t i m e  dependent  c o n s t a n t  ra te  Ackerman 
s t e e r i n g  (see F igure  A 2 ) .  Not a p p l i c a b l e  i f  
N G U I D  = 1 o r  NSTBR = 1. 
NSGAK = 0 i m p l i e s  double  Ackerman. 
NSGAK = 1 i m p l i e s  s i n g l e  Ackerman. 

AG = i n i t i a l  s t e e r i n g  ang le  i n  d e g r e e s  for  o u t s i d e  
f r o n t  wheel .  

ST1  = s t e e r i n g  rate i n  degrees / t ime f o r  o u t s i d e  f r o n t  
wheel.  

TIMA = i n i t i a l  t i m e  f o r  o n s e t  of ST1.  

TIMB = f i n a l  t i m e  f o r  ST1.  

ST3 = s t e e r i n g  rate i n  deg rees / t ime  f o r  o u t s i d e  f r o n t  
wheel.  
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TIMC>TIMB = i n i t i a l  t i m e  f o r  o n s e t  of  ST3. 

T I M D  = f i n a l  t i m e  f o r  ST3;  f o r  N 1 0 0 = 1  t h e  s t e e r i n g  a n g l e ,  
( A P ) ,  o u t s i d e  f r o n t  wheel  i s  g iven  as f o l l o w s :  

A P 1  = AG f o r  t < TIMA, 

AP2 = AG -+ STl(t-TIMA) f o r  TIMA < t < TIMB,  

AP3 = AG + ST1 (TIMA-TIMB) f o r  TIMB < t < TIMC,  

AP4 = AP3 + ST3(t-TIMC) f o r  TIMC < t < T I M D ,  

AP5 = AP3 + ST3(TIMD-TIMC) f o r  t > TIMD.  

AST i s  a m a x i m u m  o u t s i d e  wheel s t e e r i n g  i n  d e g r e e s ;  
AP1, ..., AP5 i n  a b s o l u t e  v a l u e  w i l l  be  l i m i t e d  
by AST. 

NSIN = 1 i m p l i e s  s i n u s o i d a l  Ackerman s t e e r i n g .  Not 
a p p l i c a b l e  i f  N G U I D  = 1, NSTBR = 1, N l O O  = 1. 
NSGAK = 0 i m p l i e s  doub le  Ackerman, 
NSGAK = 1 i m p l i e s  s i n g l e  Ackerman. 

AP = (AMP)SIN(STl) ( t - T @ )  f o r  f r o n t  o u t s i d e  wheel 
f o r  0 < t < TSIN. 

AMP = ampl i tude  i n  d e g r e e s  ( p o s i t i v e  r e a l  o n l y  
l e t  ST1  t a k e  on d e s i r e d  s i g n ) .  

TI$ = t i m e  l a g .  

TSIN = f i n a l  t i m e .  

NTRIM = 1 i m p l i e s  e l e v a t i o n  w i l l  be  automated t o  t r i m  t h e  
v e h i c l e  f o r  1 l u n a r  g.  The a l g o r i t h m  goes  as 
f o l l o w s .  I n  body c o o r d i n a t e s  c o n s t r u c t  a v e c t o r  
from t h e  v e h i c l e  o r i g i n  t o  t h e  ground a t  t h e  i n t e r -  
s ec t ion  of  t h e  w h e e l  c e n t e r s .  C a l l  t h i s  v e c t o r  
{ALm),  and: 

ALZ = -RW + Z ( 3 , l )  + D H ,  
where DH = ( m a s s )  ( G M ) B ( 3 , 3 ) / ( 4 ) S I A ( 3 , 1 ) .  

Of c o u r s e  t h i s  v e c t o r  assumes e l a s t i c  and geometry 
symmetry. 
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This  new o r i g i n  i n  i n e r t i a  c o o r d i n a t e s  i s  computed 
as f o l l o w s :  

W e  must now compute s l o p e s  from a modif ied [B] m a t r i x  
t o  account  f o r  t h e  cg o f  t h e  v e h i c l e  n o t  c o i n c i d i n g  
w i t h  X $ ,  Y$. C a l l  t h i s  cg s h i f t  OFF1 and OFF2 c o r r e s -  
ponding t o  X and Y ,  r e s p e c t i v e l y .  This  s h i f t  causes  
sma l l  angle  changes T H E T l  and THET2, computed a s  
f o l l o w s :  

3 
THETl  = ( D H )  ( O F F 2 ) / ( A L Y - Z ( 2 , 1 ) ) ’ ,  

2 THET2 = ( - D H )  ( O F F l ) / ( A L X - Z  (1,l)) . 

The [ B ]  m a t r i x  can now be  modif ied and a new d i r e c t i o n  
c o s i n e  m a t r i x  [Bl] computed. The d e s i r e d  s l o p e s  are 
now o b t a i n e d  as fo l lows :  

A$ = - B 1 ( 1 , 3 ) / B 1 ( 3 , 3 ) ,  

B$ = - B l ( 2 , 3 ) / B 1 ( 3 , 3 ) .  

Ground v e c t o r s  i n  terms of body v e c t o r s  a r e  g iven  through 
t t h e  m a t r i x  [BB] = [Bl] [ B ] .  vT3 = 0 implying 

U(3)  = - ( B B ( 3 , l )  ( U ( 1 ) )  + B B ( 3 , 2 )  ( U ( 2 )  ) /BB(3 ,3 ) .  
I f  NCF and/or WFREQ > 0 ,  t hen  GO and t h e  d i r e c t i o n  
c o s i n e  m a t r i x  w i l l  be modi f ied  t o  account  f o r  t h e  
random t e r r a i n  and/or t h e  washboard. I f  NCF > 0 ,  
t h e n  U(3)  i s  set  equa l  t o  ze ro .  

Series Motor and S o i l  Data 

NSERt44 = 1 i m p l i e s  series motor and s o i l  d a t a .  

MST(f) = a r r a y  of  o r d e r  4 ,  
1 i m p l i e s  wheel f motor  i s  o p e r a t i v e ,  
0 i m p l i e s  wheel f m o t o r  i s  i n o p e r a t i v e .  

REMAX = maximum v a r i a b l e  r e s i s t a n c e .  

R F I X  = f i x  r e s i s t a n c e .  
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V ~ L T  = 

CONMEG = 

D C ~ N  = 

CM+T = 

TFR = 

T I N  = 

C+P = 

S L ~ P E  = 

VARI = 

PERC = 

C$NV = 

FAMP = 

IPP = 

AMPE = 

#GME = 

G4RQ = 

N P  = 

b a t t e r y  v o l t a g e .  

back e m f  c o n s t a n t .  

t o r q u e  c o n s t a n t .  

c u r r e n t  exponent  f o r  t o r q u e .  

f r i c t i o n a l  t o r q u e .  

moment o f  i n e r t i a  of r o t a t i o n  f o r  motor-wheel p o r t s .  
I f  n o t  g iven  o r  zero .  T I N  = .5  (WM) x RW . T I N  w i l l  
a l s o  be  d i v i d e d  by CM. 

minimum wheel  omega ( r a d i a n s / t i m e )  . 
used i n  c o n j u n c t i o n  w i t h  C$P (see F igure  1, of t h i s  
r e p o r t ) .  

v a l u e  o f  i n i t i a l  v a r i a b l e  r e s i s t a n c e .  

f r a c t i o n  o f  t i r e - s u s p e n s i o n  de fo rma t ion  a s s o c i a t e d  
wi th  t i r e .  Used t o  c a l c u l a t e  t o r q u e  and r o l l  r a d i u s  
( i f  ROLLR = 0 ) .  

conve r s ion  f a c t o r  from mechanical  t o  e l ec t r i ca l  power. 

increment  o f  c u r r e n t  f o r  s o l u t i o n  o f  n o n - l i n e a r  
e q u a t i o n  (Equat ion  1 o f  t h i s  r e p o r t ) .  I f  zero,  FAMP 
w i l l  be se t  e q u a l  t o  .l. 

number o f  p i e c e s  of d a t a  ( n o t  t o  exceed  6 )  used t o  
c o n s t r u c t  current-omega and t o r q u e - c u r r e n t  poly-  
nomials  (Equat ion  1 t h i s  r e p o r t )  f o r  f u l l  t h r o t t l e  
(REV = 0 ) .  

s i n g l e  a r r a y  o f  c u r r e n t s  of  o r d e r  IPP. 

s i n g l e  a r r a y  o f  a n g u l a r  wheel  v e l o c i t i e s  of  o r d e r  
I P P  ( r a d i a n s / t i m e )  . 
s i n g l e  a r r a y  o f  t o r q u e s  o f  o r d e r  IPP. I f  TFR # 0 ,  
t h e n  GbRQ must be  modif ied.  

number of p i e c e s  of d a t a  ( n o t  t o  exceed  6 )  from which 
t o  c o n s t r u c t  a s l i p  number-torque number polynomia l  
(Equat ion  4 of t h i s  r e p o r t )  and a p u l l  number-torque 
number polynomia l  (Equat ion  7 of  t h i s  r e p o r t ) .  

2 
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VEL = s i n g l e  a r r a y  o f  o r d e r  NP o f  t o r q u e  numbers. 

T$RQ = s i n g l e  a r r a y  of  o r d e r  N P  o f  s l i p  numbers. 

PN$ = s i n g l e  a r r a y  of o r d e r  N P  o f  p u l l  numbers. 

ROLLR = wheel r o l l  r a d i u s .  If z e r o ,  it w i l l  be  set  e q u a l  t o  
i n s t a n t a n e o u s  v a l u e  of (RW - PERC x  AT^) (see 
F i g u r e  A 3  f o r   AT^). 

VMAX = maximum a l l o w a b l e  t o r q u e  number. 

VMIT = minimum a l l o w a b l e  to rque  number. 

NREAR = 1 i m p l i e s  s e p a r a t e  t o r q u e  and p u l l  numbers f o r  rear  
wheels .  

VRE = s i n g l e  a r r a y  o f  o r d e r  N P  of t o r q u e  numbers f o r  rear 
wheels .  

PRN = s i n g l e  a r r a y  o f  o r d e r  N P  o f  p u l l  numbers f o r  rear 
wheels .  

CURR = a r r a y  of o r d e r  f o u r  of  c u r r e n t  estimates. 

C o n t r o l  Svstem 

N G U I D  = 1 i m p l i e s  c o n t r o l  system. 

XGD = X - i n e r t i a  coord ina te  of d e s t i n a t i o n .  

YGD = Y - i n e r t i a  c o o r d i n a t e  of d e s t i n a t i o n .  

VCR = v e l o c i t y  t o l e r a n c e  l i m i t .  

ACR = a c c e l e r a t i o n  t o l e r a n c e  l i m i t .  I f  e i t h e r  VCR o r  ACR 
i s  exceeded var iab le  r e s i s t a n c e  of  series moto r s ,  
and/or  b r a k i n g  of  t h e  wheels  i s  a f f e c t e d .  

VGD = p r e f e r r e d  forward v e l o c i t y  of v e h i c l e .  

RVRA = resistance p e r  t i m e ;  rate of i n c r e a s e  o f  var iab le  
r e s i s t a n c e  o f  series motor i f  VCR or ACR i s  exceeded .  

LP = number o f  p o i n t s  t o  c o n s t r u c t  t h e  r a t e  RVRD (see C o n t r o l  
L a w )  f o r  t h e  variable r e s i s t a n c e .  

CUC = s i n g l e  a r r a y  of o r d e r  LP o f  t h e  o p e r a t i n g  c u r r e n t s .  
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RVRB = s i n g l e  a r r a y  of o r d e r  LP of  ra tes .  

R e v  ( v a r i a b l e  r e s i s t a n c e )  = revf (RVRD) ( t i m e ) .  
The a r r a y s  eUC and RVRB are used t o  c o n s t r u c t  a 
polynomia l  of o r d e r  LP-1  f o r  ra te  (RVRD, see 
C o n t r o l  Law)  vs. c u r r e n t .  I f  i n  t h e  p r o c e s s  of 
d e c r e a s i n g  t h e  v a r i a b l e  r e s i s t a n c e  (REV) t h e  
ave rage  c u r r e n t  i n  t h e  f o u r  motors  remains  below 
C U C ( 1 )  t h e  v a r i a b l e  r e s i s t a n c e  i s  se t  e q u a l  t o  0 .  
I f  i n  t h e  p r o c e s s  of changing t h e  v a r i a b l e  resis- 
t a n c e  t h e  c u r r e n t  exceeds C U C ( L P )  it w i l l  be s e t  
e q u a l  t o  C U C ( L P ) .  T h e r e f o r e ,  C U C ( L P )  s h o u l d  be 
set  e q u a l  t o  t h e  maximum p o s s i b l e  c u r r e n t  
(assuming REV and angu la r  v e l o c i t y  v a n i s h ) .  

AST = maximum a n g l e ,  i n  d e g r e e s ,  o f  o u t s i d e  f r o n t  wheel 
f o r  Ackerman s t e e r i n g  l a w .  

NSGAK = 0 i m p l i e s  double  Ackerman. 
1 i m p l i e s  s i n g l e  Ackerman. 

P$WIN = overhead  power consumption. Does n o t  i n c l u d e  
m o t o r - c o n t r o l l e r  c i r c u i t ;  i n c l u d e s  f o r  i n s t a n c e ,  
n a v i g a t i o n  sys tem,  d i s p l a y s ,  s t e e r i n g  power 
r e q u i r e m e n t s ,  e tc .  

NST ( f )  = a r r a y  of order 4 .  
1 i m p l i e s  s t e e r i n g  o p e r a t i v e  f o r  wheel f .  
0 i m p l i e s  s t e e r i n g  ang le  se t  e q u a l  t o  z e r o  a t  a l l  
t i m e s  f o r  wheel  f .  

ANH = minimum a n g l e  i n  degrees  b e f o r e  o n s e t  o f  s t e e r i n g  
c o r r e c t i o n .  I f  z e r o ,  ANH w i l l  be s e t  t o  1 degree .  
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